whether FliA can activate class 2 genes in vivo in the absence of FlhDC, though in vitro FliA can bind RNA Rehovot, Israel 76100 polymerase to activate some class 2 promoters without need of FlhDC (Liu and Matsumura, 1996). FliA is inhibited by the anti-sigma factor FlgM, which is expressed Summary from both class 2 and class 3 promoters. When a functional motor is assembled, FlgM is exported from the Detailed understanding and control of biological networks will require a level of description similar to that cell, and FliA becomes active as a transcription factor. The class 2 promoters are activated in a temporal order, of electronic engineering blueprints. Currently, however, even the best-studied systems are usually dewith differences on the order of minutes (Laub et al.,
pressing the repressors TetR and LacIq (Lutz and Bujard, 1997). We find no measurable fliL promoter activity in the absence of the inducers IPTG and aTc. We measured promoter activity at 96 different combinations of IPTG and aTc to find that the promoter activity was activated in a graded manner by both IPTG and aTc ( Figure 2B ). Figure 2B represents the cis-regulatory input function of the fliL promoter (Setty et al., 2003) . We find that the effects of FliA and FlhDC are additive: denoting the promoter activity at concentration x of IPTG and concentration y of aTc by f(x,y), we find that f(x,y) ϭ f(x,0) ϩ f(0,y) as shown in Figure 2C . This type of input function is best described as a SUM gate, which may be considered as a graded version of an OR gate.
These findings were used to construct a mathematical model of the flagella class 2 gene network, represented by a quantitative blueprint (Figure 3 ). The activity of each promoter is described using this model (compare full and dashed lines in Figure 4B ). The fitting procedure produces predicted activity proties, ␤Ј i ϭ 300 Ϫ 400 GFP/OD units for all promoters. The second phase corresponds also to the onset of files X(t) and Y(t). Due to the linear form of the regulation, any linear combination of X and Y can, in principle, fit expression of the class 3 promoters and results from activation of the FliA transcription factor. the data equally well. One can find specific predictions for X and Y by using an additional constraint, based on Next, we studied the cis-regulatory input function (Bolouri (Figure 2A) . Thus, in a activity ( Figure 4C ). These dynamics are in reasonable agreement with direct measurements: we measured FliA Boolean approximation, the input functions can be described as OR gates over the activity of their two inputs, activity using promoters responsive to FliA but not to FlhDC (class 3 flagella promoters mecha and mocha) FliA and FlhDC.
Pi(t) ϭ ␤ i X(t) ϩ ␤Ј i Y(t) (2) where X(t) and Y(t) are the effective protein-level activity profiles of FlhDC and FliA, respectively (in dimensionless units). According to this model, the promoter activities of the seven class 2 operons are explained by the two "hidden functions," X(t) and Y(t). The ␤ i and ␤Ј i correspond to the in vivo activation coefficients that result from the action of each of the two input regulators (Fig-
To investigate the additivity of the two inputs, we and measured FlhDC activity using a promoter responsive to FlhDC but not to FliA (fliL promoter in which constructed strains in which both FliA and FlhDC can be exogenously coexpressed in a controlled fashion. In the FliA binding site was mutated, termed fliL*). These reporter strains indicate that FlhDC activity is approxithis strain, the flhD, fliA, and flgM genes are deleted. The strain bears three compatible plasmids: one with mately constant at early times and then turns off and that FliA activity begins to rise when FlhDC activity begins to flhDC under the lac promoter; another with fliA under the tet promoter, allowing controlled induction using the decrease ( Figure 4D ). The present model provides an explanation for the inducers IPTG and aTc, respectively; and a third reporter plasmid in which one of the flagella promoters controls previously observed temporal order in the GFP dynamics of the class 2 reporter strains (Kalir et al., 2001). In GFP. This strain also had a chromosomal cassette ex- is predicted to decrease with increasing maximal exences). We used an flhD deletion strain and exogenously expressed FlhDC under an inducible promoter using pression (maximal GFP reading), Gmax,i: various levels of the inducer. We find that the higher the Nqi ϭ q Nf Gmax,i/(Gmax,i-Ga) ., 1999a) . We find other feedforward loop systems. More generally, it that these mutations make promoter activity later and would also be interesting to discover whether the input weaker ( Figure 5B ). The more mutations were made in functions and parameter hierarchies are crafted in a the FlhDC binding site, the larger this effect. Furtherspecific manner for each system or whether there exist more, the mutant reporter dynamics fall on the same for each type of network motif only a limited number of curve as the wild-type class 2 promoters and Equation "standard" designs. 3, suggesting an internal consistency in our understandThe present approach can be used to provide blueing of the dynamics. In contrast, mutating the FliA bindprints of other gene regulation networks in E. coli and ing site of the fliL promoter by means of point mutations in other organisms. The present study demonstrated, resulted in weakening of the maximal expression but no on a small scale, how a blueprint can be used to design significant effect on the response time, as expected interventions that reprogram the network dynamics. It based on the model (data not shown). In control experiwould be important to use this approach to parameterize the effects of drugs or targeted gene therapy (adding, ments, the lacZ promoter was induced to various levels modifying, or removing interactions) on various network using IPTG. The response time did not significantly decomponents to approach the goal of future improved pend on the maximal expression level ( Figure 5C ). quantitative design in medicine. An additional way to affect all of the ␤ i X(t) terms at once is to change the expression level of FlhDC. The
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model predicts that the stronger ␤ i X(t) is relative to ␤Ј i Y(t), the smaller the delays between genes (in the limit
Strains and Plasmids
when the former is very strong, the normalized dynamics GFP reporter plasmids in E. coli K12 RP437 (wild-type for flagella and chemotaxis) were described (Kalir et al., 2001) . Deletion strains of all of the genes should overlap with no timing differ- vated by exogenous FlhDC. Exogenous FliA produced from pZE11-fliA (pU320) in the ⌬flhD⌬ fliA⌬ flgM strain resulted in significant GFP production from the wild-type fliL reporter but undetectable GFP production from the fliL* reporter (data not shown). We find that class 2 promoter activity from RP437⌬ flhD ϩ pJM45 in the presence of arabinose (so that FlhDC is exogenously expressed from pJM45) is not higher than its activity in a corresponding strain deleted for fliA, RP437⌬ flhD ⌬ fliA ϩ pJM45, with the same level of exogenous FlhDC expression (data not shown), suggesting that FliA and FlhDC do not measurably compete in vivo.
The strain U319, allowing combinations of FliA and FlhDC to be coexpressed, was constructed using U308 ϩ pJM35 ϩ pU321 ϩ pU320. pU321 was constructed by subcloning the flhDC coding region into the KpnI, HindIII sites after the lac promoter in pZA32, which has p15A origin and Cholramphenicol resistance cassette (Lutz and Bujard, 1997). pU320 was constructed by subcloning the fliA coding region into the KpnI, HindIII sites after the tet promoter in pZE11, which has a colE1 origin and an Ampicilin resistance cassette (Lutz and Bujard, 1997). The tetR-lacIq cassette of Dh5␣Z1 was introduced into U308 using P1 phage transduction and Spectinomycin selection.
Dynamic Expression Measurements
Strains were diluted 1:600 from overnight culture into defined medium and assayed in 96-well plates in an automated Victor2 fluorometer as described (Kalir et al., 2001 ). In control experiments, a reporter strain for the lacZYA promoter UA0344 (Ronen et al., 2002) was induced to various levels using the inducer IPTG. We find that the response time of this operon (time to reach 10% or 50% of maximal expression) does not depend on the maximal strength of expression.
Mathematical Model of Class 2 Flagella Network
Given the additivity found in the action of FliA and FlhDC, we model the GFP produced by the reporter strain for each promoter by 
